Electrochemical reduction of lithium ion battery electrolyte on Si anodes was mitigated by synthesizing nanoscale, conformal polymer films as artificial solid electrolyte interface (SEI) layers. Initiated chemical vapor deposition (iCVD) was used to deposit poly(1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (pV4D4) onto silicon thin film electrodes. pV4D4 films (25 nm) on Si electrodes improved initial coulombic efficiency by 12.9% and capacity retention over 100 cycles by 64.9% relative to untreated electrodes. pV4D4 coatings improved rate capabilities, enabling higher lithiation capacity at all current densities. Impedance spectroscopy showed that SEI resistance grew from 50 to 191 ohms in untreated Si and only 34 to 90 ohms in pV4D4-coated Si over 30 cycles. Post-cycling Fourier transform infrared and x-ray photoelectron spectroscopy showed that pV4D4 moderated electrolyte reduction and altered SEI composition, with LiF formation being favored. This work will guide further development of polymeric artificial SEIs to mitigate electrolyte reduction and enhance capacity retention in Si electrodes.
INTRODUCTION
Si anodes promise breakthroughs in energy densities and lower costs for lithium ion batteries, but several roadblocks preclude practical realization of their key advantages. Graphite remains the dominant anode material in commercial lithium ion battery anodes despite its relatively low specific capacity of 372 mAh g −1 because of its unique ability to form a stable, self-limiting solid electrolyte interface (SEI) in alkyl carbonate electrolytes, e.g., 1 M LiPF 6 in a mixture of ethylene carbonate (EC) and linear carbonates. The SEI eliminates continual reduction of the electrolyte as the anode operates at potentials below the electrochemical stability window of the electrolyte. In contrast to graphite, silicon (Li 15 Si 4 ) has a theoretical specific capacity of 3579 mAh g −1 at room temperature, making it an attractive candidate material for next-generation anodes (1) . However, silicon undergoes 300% volume dilation during cycling, resulting in physical damage to the SEI and low coulombic efficiencies as electrolyte is consumed to reform the SEI and through other side reactions (2) .
A common approach to addressing the unstable SEIs on silicon anodes is the fabrication of artificial SEIs or composites where the silicon is embedded within another material, often carbon (3) . These layers are intended to prepassivate the silicon surface, minimizing irreversible capacity in the critical first charge of the cell and ideally over extended cycling. Many materials and fabrication approaches have been developed, and several recent review articles detail these strategies (2, 4) . One approach is physical or chemical vapor deposition of nanoscale glass or metal oxide coatings onto silicon surfaces via magnetron sputtering or atomic layer deposition (ALD) (2, 4, 5) . A challenge with this approach is that the coatings must be mechanically compliant to accommodate the volume dilation of Si; otherwise, they will fracture and expose new surface area that can further reduce electrolytes (6) . For example, He et al. showed that ALD-synthesized Al 2 O 3 enables good capacity utilization in silicon electrodes (~2750 mAh g −1 ) but had insufficient mechanical toughness to enable long-term cycling. Cracks formed in the surface layer after 40 cycles of deep lithiation (0.005 to 2 V) (7, 8) . Other techniques include synthesis of fixed volume shells that accommodate expansion of smaller-diameter silicon nanoparticles within the shell. One such example is carbon shells surrounding silicon nanoparticles. These materials yielded anodes with good capacity and longevity (1160 mAh g −1 after 1000 cycles at C/2); however, these techniques require many fabrication steps, including the carbonization of a polymer coating and the dissolution of a sacrificial SiO 2 layer to form the shells (9) . Thus, although performance is relatively good, electrode synthesis is process intensive. Another example is silicon particle confinement in TiO 2 shells. This yielded good capacity (804 mAh g −1 after 100 cycles), which is similar to the previous study, but again multistep synthesis is complex and the energy density is sacrificed because of the inactive volume of the shell (8) . Last, electrolyte additives are being extensively explored, as they have been shown to alter the SEI formation and composition leading to enhanced surface passivation. The additives fluoroethylene carbonate (FEC) and vinylene carbonate (VC) have been shown to promote the formation of a thin SEI of varying compositions and to efficiently passivate the anode surface; however, passivation by FEC is incomplete and will eventually grow a thick SEI. Passivation by VC yields an ionically resistive layer, limiting high rate capability (10) .
Thin synthetic polymer layers are promising materials as artificial SEIs because they can be designed for mechanical flexibility to maintain the passivation of silicon electrode in spite of volume dilation (3, 11) . In addition, polymer film synthesis can be relatively simple and rapid compared with other deposition techniques, such as ALD or sputtering, and can be executed at low temperatures. Unlike glass or ceramic surface layers, which are susceptible to fracture because of silicon volume changes during (de)lithiation, polymer thin films have been shown to accommodate silicon expansion while simultaneously exhibiting chemical stability, maintaining structural integrity during cycling and enhancing silicon cycling performance (8) . A previous study showed that surface-tethered poly(methyl methacrylate) (PMMA) brush films partially exclude electrolyte from the Si electrochemical interface, resulting in enhanced specific capacity, higher coulombic efficiency, and improved cycling stability (12) . However, the brushes do not fully exclude electrolyte solvent, and some irreversible reduction still occurs. Using this approach, thick films (>150 nm) are required to substantially enhance coulombic efficiency, but the drawback is greater ohmic resistance and lower specific capacities during galvanostatic cycling. Films that can effectively exclude the electrolyte but are also ultrathin and ionically conductive should provide both enhanced specific capacities and coulombic efficiencies. In this work, we exploit initiated chemical vapor deposition (iCVD) to synthesize ultrathin, cross-linked polymer thin films on silicon thin film electrodes. iCVD is a thin film processing tool that integrates polymer synthesis with processing (film formation) as it directly converts monomer vapor to polymer film on a substrate. Heterogeneous polymerization is achieved by adsorbing monomer molecules to the surface and generating primary radicals via thermolysis of peroxide initiators at a heated filament array positioned above the substrate. The radicals collide with the adsorbed monomer, initiating a free radical polymerization. Several recent review articles further highlight the mechanism and capabilities of iCVD, which include exquisite control of polymer chemistry and thin film structure on both planar and highly complex, nanostructured substrates (13) (14) (15) (16) . In short, iCVD can be used to conformally coat battery electrodes with ultrathin polymer films without extensive processing steps. We used iCVD to deposit thin films of poly(1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (pV4D4) on silicon electrodes (17) . The polymer, pV4D4, was chosen for its adhesion to silicon surfaces, which eliminates the need for covalent surface-tethering agents, and for its potential as an ionically conductive and electronically resistive polymer layer (17) (18) (19) (20) . Recent studies show that the siloxane ring in the 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4D4) monomer can interact and coordinate with lithium cations. These overlaid rings in an ultrathin pV4D4 film provide a path for lithium transport, and appreciable lithium conductivities are obtained in ultrathin layers that are less than 30 nm in thickness. Furthermore, the tetrafunctionality of the V4D4 monomer ensures the formation of highly cross-linked films, which should exclude the electrolyte and enhance surface passivation (21) . Last, the films are thermally stable to at least 400°C in N 2 , showing negligible mass loss over a 2-hour soak duration (22) . The end result is a stable nanoscale, electrically resistive, and ionically conductive polymeric artificial SEI that mitigates capacity loss from surface side reactions and electrolyte reduction. In this work, we explore the effects of pV4D4 coatings on silicon thin film anode cycling performance. We demonstrate improved first-cycle coulombic efficiency and average reversible capacity of pV4D4-coated silicon thin film electrodes, and long-term passivation of the silicon is confirmed using electrochemical impedance spectroscopy (EIS). This work provides the groundwork for developing polymeric artificial SEIs for silicon anodes using iCVD.
RESULTS
Material characterization pV4D4 films were deposited to target thicknesses of 15, 25, 35, and 45 nm using laser interferometry for real-time thickness control. The deposition rate was 10 nm/min, which is consistent with other reports of pV4D4 by iCVD (23) . The thickness of the deposited films was later confirmed via spectral reflectivity, and measurements at multiple spots across the sample showed good uniformity in thickness and optical constants. Visual observations of thicker films (>100 nm) that were deposited but not used for this study found that the films are homogeneous and smooth. Reflection haze, which can be indicative of microscale nonuniformities, was not observed.
The set of specific thicknesses was chosen on the basis of the expectation that an effective artificial SEI should have a thickness on the order of 20 nm (24) . Moreover, previous studies of organosilicon polymer electrolytes showed that 25-nm layers of pV4D4 can absorb lithium salts, obtaining a conductivity of 6 × 10 −8 S cm −1 in the dry state at room temperature (20) . However, there was an upper threshold on the extent of salt absorption. Reeja-Jayan et al. (25) demonstrated that Li content reaches a maximum of 1 weight % (1 Li + per ring) at a pV4D4 film thickness of 25 nm; beyond 25 nm, the film generally exhibits dielectric behavior. In addition, density functional theory suggested that the Si─O─Si bonds of the monomer interact favorably with lithium ions and can facilitate transport through the film via ion hoping (25) . Therefore, overlaid pV4D4 can act as channels for lithium ions to transport to and from the underlying silicon anode. Another important consideration is the stability and thickness retention of the films in solvents. Ideally, the pV4D4 films should adhere to the Si without the aid of an organosilane coupling agent, which influences the chemical and electrochemical behavior of the electrode interface. Physical stability of the films was assessed using 100-nm-thick coatings, with the expectation that swelling stresses will have lower magnitudes and be less likely to delaminate in thinner films. Pre-and post-characterization of the 100-nm films soaked in deionized water and dimethyl carbonate (DMC) for 5 min revealed negligible changes in film thicknesses, confirming the good adhesion of these highly cross-linked films. Without the use of organosilane adhesion promoters, the adhesion of iCVD films is controlled by physical adsorption. The affinity of organosilicon polymers to silicon surfaces and the highly cross-linked nature of the pV4D4 contribute to the strong adhesion (18, 26) . Moreover, film swelling due to solvent uptake was measured using spectral reflectivity (table S1). Thicknesses remained constant despite soaking, indicating that the films undergo minimal swelling in the presence of these solvents, which is expected on the basis of previous studies of pV4D4 (24) .
The composition of the pV4D4 films was qualitatively characterized using Fourier transform infrared (FTIR)-attenuated total reflectance (ATR). Spectra of the V4D4 monomer and pV4D4 films are presented in Fig. 1, A and B. The two spectra are very similar, suggesting that the monomer chemical structure is largely preserved in the polymer film. The structure of the film has been reported previously (27) . SiO 2 peaks are observed at 1235 cm −1 from native oxide on the silicon thin film electrode or siloxane bonds within the pV4D4 bulk. Prominent absorbance bands associated with Si-O modes are 1071 cm (CH 3 bending in Me 2 SiO 2 ), 791 cm −1 (Si-C asymmetric rocking), and 749 cm −1 (Si-C rocking) (28) . The most distinct differences between the two spectra are the absence of the following two absorbance bands in the pV4D4 spectra: 961 cm −1 attributed to CH 2 bending in vinyl bonds and 1598 cm −1 associated with the C= =C stretch mode of the vinyl. The absence of these peaks is an indication of polymerization of the V4D4 monomer and/or film cross-linking, as the vinyl species react to form large networks (17) . Polymerization is further supported by the C-H vibrational bands found in the complete mid-infrared spectra of pV4D4 films. Spectra for the V4D4 monomer and 200-nm-thick pV4D4 film are presented in fig. S1 . In the pV4D4 spectrum, strong absorbances at 2915 and 2870 cm −1 appear and are assigned to the asymmetric and symmetric C-H stretches, respectively, of the saturated aliphatic backbone resulting from chain polymerization of the vinyl moieties of V4D4 monomer (17, 18) . In total, the coated silicon electrode spectra, which closely match the spectrum of the V4D4 monomer, strongly support that the Si thin films have been successfully coated with pV4D4.
Polymer film composition was quantitatively characterized using x-ray photoelectron spectroscopy (XPS). Survey spectra for uncoated and 25-nm pV4D4-coated silicon electrodes are shown in Fig. 1C . The elemental composition of the uncoated Si electrode was determined to be 8.4% C, 35.8% O, and 55.8% Si. The carbon component can be attributed to adventitious carbon, yet it is likely that some organosilicon components (Si-C and Si-O-C) are integrated into the sputtered Si thin films. The elemental Si/O ratio is 1.6, which is far higher than the expected Si/O ratio of~0.50 for native SiO 2 , indicating that the native oxide layer on the sputtered Si is less than 10 nm in thickness or has a substoichiometric composition. Typically, we do not achieve a perfect native oxide in our sputtered films (12) . The elemental composition of the 25-nm pV4D4-coated electrode was determined to be 50.6% C, 26.8% O, and 22.6% Si. The Si/O ratio is 0.85, which is reasonably close to the expected monomer Si/O ratio of 1.0, further supporting the claim that pV4D4 has been prepared on the surface of the Si. This Si/O ratio is also consistent with as-deposited pV4D4 films previously explored by Trujillo et al. (19) .
The Si 2p high-resolution spectra, shown in Fig. 1D , further support that the Si thin film electrode has been coated with pV4D4. The uncoated electrode spectrum contains three deconvoluted component peaks, attributed to native SiO x (102.7 eV) and elemental silicon (Si 2p 1/2 at 99.25 eV and Si 2p 3/2 at 100.3 eV) (29, 30) . These peaks are not observed in the 25-nm pV4D4-coated silicon spectrum, which suggests that the film not only covers the native oxide and/or the bulk silicon but also is greater than 10 nm in thickness, the scanning depth of the XPS instrument. Instead, a new peak is observed at 101.8 eV, which is assigned to disubstituted siloxane (31) . While the V4D4 monomer is cyclic, the chemical composition is close to that of polydimethylsiloxane (PDMS), that is, Si─O─Si bonding is present in pV4D4. The high-resolution Si 2p spectrum of pV4D4 closely matches that of PDMS in previous literature (31) . In summary, both the coated silicon electrode survey and high-resolution spectra confirm that a pV4D4 film coats the electrode surface.
Electrochemical cycling
The effect of the pV4D4 coatings on the electrochemical behavior of Si thin film was initially assessed through a comparison of galvanostatic cycling performance, shown in Fig. 2 , A and B. Coated and uncoated silicon thin film electrodes were cycled at 25°C against lithium metal in a coin cell format using 1.0 M LiPF 6 in 1:1:1 EC:EMC:DMC as electrolyte. All cells were initially cycled twice at a C/10 rate to establish an SEI on the uncoated silicon surface and then 1C thereafter.
The untreated silicon electrodes show cycling behavior typical of thin film electrodes (29, 32) . Initial lithiation and delithiation capacities were 3980 and 2560 mAh g efficiency was 64.4%, reaching a maximum of 98.1% at cycle 7 and then decaying consistently over 100 cycles (Fig. 2B ). The addition of pV4D4 thin films up to a thickness of 25 nm improved overall cycling performance. Films thinner than 25 nm provided only a modest improvement. The optimum thickness appears to be 25 nm, providing the highest initial (2657 mAh g ) reversible capacities. In addition to reversible capacity, the 25-nm film improved the initial coulombic efficiency to 73.2% and reached a maximum coulombic efficiency of 99.2% at cycle 8. This is an important consideration, as commercial cells are assembled in the discharged state and any lithium lost during the SEI formation is detrimental to the capacity matching provided by the cathodes, which tend to be capacity limiting and the most expensive material component (33) . The pV4D4 reduces irreversible capacity by prepassivating the silicon surface, reducing the extent of the electrolyte reduction (21) . This should also manifest as a lower film resistance, leading to better power performance. A comprehensive summary of cycling data is provided in Table 1 .
As film thickness exceeds 25 nm, cycling performance begins to suffer, which is most likely an effect of increased ionic resistance contributed by the pV4D4 film, limiting lithium ion transport to the silicon surface (32) . The first cycle and average cycling performance of the 35-nm pV4D4-coated electrodes is observed to be lower than those of the 25-nm coated electrode and is more comparable to the performance of the 15-nm pV4D4. As the polymer thickness increases further to 45 nm, impractical lithiation capacity is observed, which is a function of the limited penetration of charge carriers throughout the pV4D4 film thickness (20) .
For further insight into the electrochemical effect of the pV4D4 films, the voltage profiles of the first cycle were analyzed (Fig. 2C) . It is important to consider that, at 25°C, lithium begins to alloy with silicon from 300 to 250 mV versus Li/Li + to form Li x Si, where x = 0.0 to 2.0 (34). Thus, the specific capacity observed above 300 mV is due to electrochemical reactions not associated with lithiation and is potentially irreversible. The formation of the surface layer and the reduction of SiO x layers are examples of irreversible electrochemical processes. First cycle lithiation of the uncoated silicon electrode shows a significant lithiation plateau due to the electrolyte reduction and the SEI formation at 0.53 V. Capacity observed below 0.3 V is 2709 mAh g
, which is fairly close to the initial delithiation capacity observed (2561 mAh g
−1
). The addition of thin films of pV4D4 (15 and 25 nm) reduces the irreversible capacity above 0.3 V while increasing the reversible capacity. The uncoated and coated (15-and 25-nm pV4D4) electrodes have nearly identical delithiation profiles. The primary difference is the irreversible processes observed during the first lithiation. The voltage profiles are different for the thicker pV4D4 films (45-nm pV4D4). These films appear to limit lithiation capacity because of a large overpotential from the high ionic resistance of the thicker film. Another indirect indication of this overpotential is the rapid relaxation of the electrode to 0.27 V during the rest step (open circuit) in the cycling protocol.
Differential capacity curves for the first and second cycles shown in Fig. 2 (D and F) further support this analysis. In the untreated Si, a peak is observed at 0.53 V, which can be attributed to the SEI formation and the electrolyte reduction, and an additional peak is observed at 0.42 V, which can be attributed to lithium reaction with surface oxides (35) . Lithiation peaks are observed at 0.06 V (the formation of crystalline Li 3.75 Si) and 0.22 V (previously discussed). The addition of a 15-nm pV4D4 film slightly changes the differential capacity curve. The electrolyte reduction peak is shifted to a lower potential at 0.31 V. This behavior has been observed previously with LiPON and PMMA thin film coatings on Si (12, 32) . However, the reduction peak area from 0.30 to 0.39 V is smaller than that of the processes in the untreated silicon from 0.41 to 0.59 V, indicating that less total charge is associated with irreversible processes. Moreover, the lithiation peak at 0.21 V is larger than in the untreated electrode, improving first cycle reversible capacity and coulombic efficiency. In conjunction with previous cycling data, the presence of this peak indicates that, while the 15-nm film improves the initial cycling performance, it is insufficient in passivating the silicon surface. Differential capacity curves of the 25-nm pV4D4-coated silicon electrode, previously observed as the optimum thickness, show little current for electrochemical processes above 0.3 V, suggesting good surface passivation. The first lithiation peak occurs at a much lower potential at 0.18 V, which may be a combination of the silicon lithiation and the SEI formation, which is difficult to fully deconvolute. However, the delithiation/oxidation plateaus observed at 0.28 and 0.49 V remain similar in electrodes coated with 0-to 25-nm V4D4, indicating that the 15-and 25-nm pV4D4 films do not kinetically limit lithiation to the extent that cycling is adversely affected.
Differential capacity curves in the second cycle (Fig. 2E) are largely the same. Significant capacity associated with processes above 0.3 V is not observed for any of the samples, suggesting that the electrodes are largely passivated by the second cycle. However, the untreated silicon electrode underwent far more undesirable electrochemical processes to achieve this passivation, indicating a higher consumption of electrolyte required to passivate the silicon surface. pV4D4, on the other hand, limits the electrolyte reduction in the first cycle. From the potential shifts observed in the differential capacity curves, it is expected that the pV4D4 coating not only limits the electrolyte reduction in the first cycle but also alters the composition of the SEI. Therefore, the addition of pV4D4 is responsible for the improved coulombic efficiency observed in the pV4D4-coated electrode cycling data, as less capacity is lost to irreversible reactions and electrolyte reduction.
With an excessively thick polymer film (45 nm; Fig. 2F ), lithium transport to the silicon surface is hindered, as demonstrated by the relatively shallow lithiation peaks, with an order of magnitude less lithiation capacity. While the complete exclusion of the electrolyte is desirable to prevent electrolyte reductions, the kinetic limitations imposed by the film lead to the poor and incomplete lithiation of the silicon. The limited ionic conductivity in pV4D4 imposes limitations on the thicknesses of these passivation layers.
To further understand the effect of the pV4D4 film on the electrochemical stability of silicon electrodes, we performed a rate capability test. Specific lithiation capacity as a function of rate is shown in Fig. 3 . The lithiation capacity of both the uncoated and pV4D4-coated electrodes decreases as the cycling rate increases from C/10 to 1C but recovers as the rate is returned to C/10. The lithiation capacity of the pV4D4-coated silicon electrode is observed to be higher than that of the uncoated electrode at every cycling rate during the test. Final lithiation capacities for the pV4D4-coated and uncoated silicon electrodes are 3107 and 2481 mAh g , respectively. A calculation of the recovery (the ratio of capacity at cycle 20 to capacity at cycle 4) shows that the pV4D4-coated silicon electrode retains 98.7% of its capacity, whereas the uncoated silicon electrode retains only 88.3%, although this is likely a function of the ability of the pV4D4 to stabilize the lithiation capacity for the duration of the test. Regardless, the higher capacity observed at all C rates in pV4D4-coated films suggests that the film improves the rate performance of the silicon electrode. This may be attributed to the film's ability to passivate the silicon surface despite large volume expansion during lithiation. For cycling rates exceeding 1C, we expect both coated and bare electrodes to have further reduced capacities because of kinetic limitations; however, the coated electrodes should have better capacity retention over extended cycling because of the protective nature of the pV4D4.
Electrochemical impedance spectroscopy EIS was performed as a function of cycling to compare longer-term behavior of the SEI in pV4D4-coated and uncoated electrodes; the data are provided in Fig. 4 . Three electrode split cells were assembled, and silicon electrodes [working electrode (WE)] were cycled against lithium metal [counter electrode (CE)/reference electrode (RE)] from 1.5 to 0.05 V at 25°C. Impedance measurements were collected every five cycles at a potential of 0.05 V. In all spectra, the frequencydependent data make a single semicircle spanning the medium frequencies (100 kHz to 10 Hz) and a line at 45°then nearly vertical relative to the x axis at low frequencies (<10 Hz). The impedance spectra can be described as R electrolyte − [R − CPE] surface − W diff , where the bracketed elements are in parallel (36) . A constant phase element (CPE) was used instead of an ideal capacitor to describe the dispersion 
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in capacitance caused by the rough morphology of the silicon/copper substrate. R electrolyte is the resistance of the liquid electrolyte. [R − CPE] surface is assigned to a slightly depressed, difficult-to-deconvolute semicircle, which is attributed to a combination of charge transfer and ion transport through the surface film (SEI), and W diff corresponds to solid-state diffusion of Li + into the Si thin film bulk (37) . Impedance spectra of the uncoated electrodes (Fig. 4A) show that the semicircle continually increases over the 30 cycles. After the SEI formation in the first lithiation, the surface resistance determined from fitting was 50 ohms. Over the next 30 cycles, the resistance of the semicircle grows to 191 ohms. This rise in the surface film resistance is consistent with development of a nonpassivating SEI on an uncoated silicon surface and has been observed in other studies of Si thin film anodes (38) . Subsequent cycling of silicon electrodes results in a thicker SEI and continual capacity loss as an additional electrolyte is consumed to reform the SEI.
The addition of a 25-nm pV4D4 film reduces growth in the surface film resistance over these cycles, shown in Fig. 4B . The resistance of the surface processes was determined to be 34 ohms after the first lithiation. The lower resistance compared to the uncoated Si anode suggests that pV4D4 reduces the SEI formation and/or alters the SEI composition to improve surface film conductivity, which is consistent with the galvanostatic cycling data. The ability of the pV4D4 to limit electrolyte reduction or decomposition is also responsible for the improved initial lithiation capacity and coulombic efficiency. Over the 30 cycles, the semicircle resistance only increases to 90 ohms, which is less than half of the untreated electrodes, providing further evidence that the improved passivation from the pV4D4 is also sustained over long cycling. The reduction in the surface film resistance growth is consistent with previous cycling, as average lithiation capacity and cycling stability improved with the addition of a 25-nm pV4D4 film (Fig. 2B) .
The general trend in impedance growth observed for the bare and pV4D4-coated silicon electrodes is consistent with the capacity decay observed during galvanostatic cycling (Fig. 2B) . The interfacial resistance continues to grow in both treated and untreated electrodes likely because of the continued SEI formation, leading to a reduced accessible capacity. However, the 25-nm pV4D4 film passivates the electrode and slows the growth in interfacial resistance. While the coating is not 100% effective, the general trend in impedance over the first 30 cycles and in capacity over 100 cycles shows that the effect of the pV4D4 coating is significant.
In contrast, coating of an excessively thick film (45 nm; Fig. 4C ) substantially alters the passivation behavior. After the first lithiation, the surface resistance is 102 ohms, much larger than the uncoated and 25-nm pV4D4-coated silicon electrodes. This larger resistance is due to the greater ohmic resistance of the film and due to charge transfer resistance (convoluted with the surface layer) being potential dependent. (37) . From the cycling and dQ/dV data, we suspect that Si has not fully lithiated to 0.05 V even after the potentiostatic hold step. Thus, the true potential is higher in the first impedance measurement, contributing to the larger resistance. As cycling continues, the semicircle decreases in diameter, reaching a minimum resistance of 52 ohms. Over the next 10 cycles (to the 31st lithiation), the semicircle continually increases in diameter to a final resistance of 68. the limited capacities. Through repeated cycling, the gradually increasing capacity is attributed to more lithium salt being incorporated into the passivation films. The chemical or physical conditioning of the film that is occurring to enable the salt incorporation results in greater ion diffusivity in the film. Then, as the film begins to reach lower lithiation potentials, potential-dependent irreversible processes can occur (the passivation layers are imperfect), leading to an increased interfacial impedance and less capacity.
Post-cycling electrode characterization
To understand the effect of pV4D4 on the SEI composition, we performed post-mortem characterization of cycled electrodes. Electrodes were cycled 30 times against lithium metal from 0.05 to 1.5 V at 1C at 25°C using 1.0 M LiPF 6 in 1:1:1 EC:EMC:DMC. The cells were disassembled, and the anodes were washed three times in DMC and dried at 80°C overnight. The FTIR spectra of the pV4D4-coated and uncoated electrodes, shown in Fig. 5A , are quite different. First, FTIR shows that the overall absorbance of the pV4D4-coated electrode is generally lower than that of the uncoated electrode, which suggests that the pV4D4 coating on the silicon electrode limits the electrolyte reduction and the SEI formation. This observation is consistent with previous cycling and impedance data. Second, a comparison of the two spectra of cycled silicon electrodes reveals that the pV4D4 film also alters the composition of the SEI. Post-cycling FTIR suggests that the pV4D4 polymer remains on the surface throughout the cycling.
The vibrational mode at 1264 cm −1 associated with the Si-CH 3 bend in pV4D4 is well resolved from absorption bands associated with electrolyte reduction products. This absorption band can be found in the spectrum of pV4D4-coated electrodes before and after cycling. However, it is absent in the spectra of uncoated electrodes, further confirming that the 1264 cm −1 peak can be attributed to pV4D4. The features spanning from 1250 to 900 cm −1 are similar in both spectra and can be attributed to an overlap of multiple species, including (CH 2 OCO 2 Li) 2 (LEDC), Si─O─Si, and Li-alkoxy species (29, 39) . The notable difference in the cycled silicon is the peaks associated with Li 2 CO 3 at 1510 to 1410 cm −1 (C─O stretching), 1416 cm −1 (C─O stretching), and 864 cm −1 (40) . Relative to untreated Si, the intensities of these vibrational modes in Si coated with 25-nm pV4D4 are much weaker, indicating that less Li 2 CO 3 is present in the reduction products.
The lower concentration of Li 2 CO 3 in pV4D4-coated silicon electrodes suggests that the polymer film inhibits the formation of insoluble electrolyte reduction products. The electrical resistivity of the film may be responsible for the diminution of electrolyte reduction products observed near the film surface. As a result, less cycling capacity would be lost to irreversible and undesired side reactions, which agrees with previous cycling data. Future work will be required to elucidate the exact mechanism responsible for the effect of pV4D4 on the SEI composition.
XPS spectra for both uncoated and pV4D4-coated electrodes after 30 cycles are provided in Fig. 5 , B to E. The survey spectra in Fig. 5B show the obvious incorporation of F and Li into the SEIs of both electrodes. As these elements were absent before coating, it can be concluded that LiPF 6 salt decomposition products are incorporated into the SEI during cycling. The compositions of the SEI layers of (un) coated silicon electrodes are summarized in table S2. The concentrations of C, O, and Si decrease in silicon electrodes after cycling, while the concentrations of Li and F increase. The composition of the SEI formed on the uncoated Si electrode is consistent with previous XPS studies, which show appreciable salt and solvent decomposition (41, 42) . For the uncoated Si electrode, the high-resolution C 1s spectra in Fig. 5C are composed of multiple component peaks. Spectral deconvolution revealed contributions of aliphatic carbon (285 eV) and species containing -CO 3 (290.1 eV), C= =O (288.1 eV), and C-O (286.3 eV). The oxygen-containing moieties are the result of the electrolyte decomposition and are consistently observed in Si SEIs (41) (42) (43) . The concentration of the -CO 3 component is relatively low, suggesting that the Li 2 CO 3 observed in the FTIR is concentrated deeper within the SEI layer near the Si interface. Moreover, the reduced concentration of C and O in the survey scan is further evidence of a graded concentration of Li 2 CO 3 . This has also been observed by Philippe et al. (44) , who showed that Li 2 CO 3 is concentrated at the buried Si/SEI interface. The F 1s spectra for the uncoated Si (Fig.  5D ) contain peaks that are characteristic of LiF (285 eV) and LiPF x / Li x PF y O z (286.6 eV) (45) . These assignments are internally consistent with the two component peaks in the Li 1s spectra (Fig. 5E ) associated with LiF (55.7 eV) and Li x PF y /Li x PF y O z (57 eV) (43) . These XPS data suggest that appreciable salt decomposition is occurring on the uncoated Si electrode.
XPS spectra for the Si electrode coated with 25-nm pV4D4 are quite distinct. The SEI composition quantified from the survey spectrum shows further enrichment in lithium and fluorine content and diminishment of the carbon and oxygen content in the film. The carbon and oxygen concentrations are only 6.9 and 4.6 atomic %, suggesting that less solvent degradation products are present. This is further supported by the high-resolution spectra. The C 1s spectra are described almost entirely by a hydrocarbon component, which can be attributed to the aliphatic backbone and methyl groups in the pV4D4 and/or adventitious carbon. Integrated areas for the higher binding energy components associated with oxygen-containing functional groups are much lower relative to the uncoated Si SEI, indicating that fewer solvent degradation products are on the surface. Moreover, the F 1s and Li 1s spectra are dominated primarily by LiF. Note that LiF is FTIR transparent, which explains why this difference in SEI compositions was not detected by our FTIR analysis.
Coating the Si electrode with 25-nm pV4D4 has a similar effect on the SEI composition as adding large concentrations of FEC (>10%) to the electrolyte solution, much higher than the typical 3% commonly used in electrolyte formulations. Previous studies show that the large concentrations of FEC favor the formation of LiF over other salt decomposition products; in addition, LiF is thought to effectively passivate Si anode surfaces (45, 46) . While the exact role of FEC is still under debate, it is generally acknowledged that FEC improves reversible capacity and coulombic efficiencies. Thus, from XPS data, it can be concluded that pV4D4 improves electrochemical performance in a similar fashion to FEC additives by limiting the formation of organic reduction products and favoring the formation of a LiF-enriched SEI layer.
The mechanism of LiF enrichment in pV4D4 has not been fully characterized in this report and will be the subject of future studies. We do not expect the mechanism of FEC and pV4D4 to be analogous, as fluorine enrichment in SEIs of FEC-containing electrolytes is thought to be associated with FEC reduction, whereas the pV4D4 does not contain fluorine. We can conclude that the uncoated Si is subject to the typical electrolyte degradation processes observed for EC-based electrolytes (without FEC additive). During cycling, both electrolyte solvent and salt react on the electrode surface. The organic SEI components can further degrade, ultimately forming Li 2 CO 3 (47). Parimalam et al. (48) have also proposed that these organic species and Li 2 CO 3 can react with LiPF 6 salt to form LiF, CO 2 , and several PF-bearing species, as shown in the reactions below
These processes explain the multiple component peaks observed in the high-resolution Li 1s and F 1s spectra for the uncoated electrode. While fewer organic reaction products are observed in the pV4D4-coated electrode, the surface is enriched in LiF. One possibility is that the source of LiF is homogenous salt decomposition in the electrolyte (47)
PV4D4 coatings are also expected to limit the electrochemical reduction pathways because of its high electrical resistivity (19, 25) . An analysis of the voltage profiles (Fig. 2) shows that the electrolyte reduction does occur, but the reaction pathways are presumably altered, given the inhibited electron transfer from the Si through the polymer layer. These new reaction pathways may lead to soluble organic products, which would explain the enrichment in LiF (insoluble in carbonate solvents) and the slower yet consistent growth in interfacial impedance observed in Fig. 4B . Alternatively, these products could also be soluble in the DMC solvent and would have been washed away during the rinsing step before XPS analysis. Micrographs of as-deposited and pV4D4-coated electrodes, before and after cycling, are shown in Fig. 5 , F to I. The as-deposited 100-nm silicon micrograph (Fig. 5F ) closely matches that of the underlying copper foil, which is provided fig. S3 . The large morphological features observed are from the copper foil rather than the silicon material. Likewise, micrographs of the as-deposited 25-nm V4D4 on the 100-nm silicon (Fig. 5G) suggest good conformality during the deposition of the polymer film via iCVD, as the topography of both samples closely matches. After 30 cycles, the micrographs of the uncoated silicon ( fig. 5H ) and pV4D4-coated silicon (Fig. 5I) show completely different morphologies. The surface of the cycled uncoated silicon is smoother, which is consistent with an SEI composed of oligomeric species such as EC reduction products. In contrast, the cycled pV4D4-coated silicon surface appears more faceted, with more distinct deposits. This morphology can be attributed to increased LiF coverage on the electrode surface. Future work using smoother electrode surfaces is required to better understand the significance of this morphology and how it develops.
DISCUSSION
In this work, we demonstrate that pV4D4 films deposited by iCVD are effective artificial SEIs, passivating silicon electrode surfaces at high cycling rates. Cycling shows that 25-nm pV4D4 films on silicon electrodes increased the average initial coulombic efficiency by 12.9% and improved the silicon delithiation capacity at cycle 100 by 64.9%. The pV4D4 films also limit the SEI growth; impedance measurements show that the surface film resistance of an untreated silicon electrode rose from 50 to 191 ohms. In contrast, the surface layer resistance of a pV4D4-coated silicon electrode rose from 34 to 90 ohms over the same number of cycles. Post-mortem FTIR and XPS characterizations of cycled, uncoated silicon suggest that the SEI formed is primarily composed of salt and solvent decomposition products. LiPF 6 salt irreversibly reacts with these products to form a mixture of LiF and insoluble P-F-containing species. In contrast, post-mortem FTIR and XPS characterizations indicate that the pV4D4 polymer film improves cycling stability by primarily limiting the electrolyte reduction and the formation of SEI products, such as LEDC or Li 2 CO 3 , on the electrode surface. Because the film limits irreversible reactions between LiPF 6 salt and these SEI products, the electrode ultimately forms an SEI primarily consisting of LiF, which has been shown to passivate silicon surfaces. Thus, improved silicon passivation and enhanced electrochemical performance are achieved through pV4D4 films synthesized using a relatively straightforward polymer thin film coating technique.
This study also reveals key material properties required for effective polymeric artificial SEIs. The polymer film should be electrically resistive and exclude the electrolyte to limit solvent reduction or salt decomposition near the electrode surface. It must also allow transport of Li cations. These properties are found in the pV4D4. The polymer is electrically insulating, and the tetrafunctionality of the V4D4 monomer ensures a high cross-linking density, making it an effective barrier layer to liquid permeation (17) . However, the siloxane ring of the V4D4 monomer can accommodate lithium cations and facilitate their transport. Film thickness is a critical parameter, as the pV4D4 films rely on limited uptake of lithium salts into the film bulk (20, 24) . The optimal SEI thickness was determined to be 25 nm, as shown in Fig. 2 , which is remarkably similar to thicknesses specified for typical SEI layers that develop through normal electrolyte reduction processes. Beyond a thickness of 25 nm, lithium salt is not fully incorporated within the film bulk, leading to higher resistances and consequently lower charge capacities obtained in galvanostatic cycling, as shown in Figs. 2 and 4 .
The improvement in electrochemical performance achieved with the iCVD pV4D4 coating is similar to previous studies using ALD, sputtering, and other thin film deposition techniques (6-9). Improvements are also similar to studies using electrolyte additives to engineer the interfacial chemistry of Si anodes (10) . However, a distinguishing feature of the iCVD process used in this study is the ability to finely control the composition of dense, conformal, cross-linked, ultrathin films over large areas. pV4D4 homopolymer was synthesized to establish baseline performance for these highly cross-linked films. While this study shows that pV4D4 is able to successfully exclude the electrolyte and limit the electrolyte reduction, ultrathin films are required to limit ohmic resistances and realize the full utilization of electrode capacity. To address this limitation and potentially further improve performance, copolymerization of V4D4 will be an important strategy to tune film composition and properties. Copolymerization of V4D4 with various classes of comonomers is a straightforward, well-established exercise in iCVD; several copolymers incorporating V4D4 have been reported in the literature (49, 50) . For future SEI studies, anionic comonomers can be incorporated to coordinate Li + , perfluorinated comonomers can be used to lower the surface energy of the film and modulate the SEI composition, or enumerable other monomers can be used to tune the network microstructure and physical properties of the film. More complex structure such as compositional grading normal to the surface can also be engineered using iCVD.
This study was unable to fully elucidate the underlying mechanism responsible for an SEI composition primarily consisting of LiF in pV4D4-coated electrodes. In addition, while the pV4D4 films in this study limited the growth of interfacial resistance relative to the uncoated case, they were not perfect and some resistance growth still occurred. It does not appear that the pV4D4 disintegrates or completely decomposes during cycling because the post-mortem FTIR in Fig. 5 shows vibrational modes characteristic of the pV4D4. Considering the high cross-linking density of the pV4D4 coating, it is possible that the pV4D4 fractured or delaminated because of silicon volume changes during extended cycling. The mechanical properties of the polymer films are expected to be critical, especially when coated on nominally spherical nanoparticles, further suggesting that copolymerization is needed to tune copolymer chemistries. Future work will develop iCVD capabilities to deposit ultrathin, conformal, electrically resistive, ionically conductive, and mechanically compliant polymeric artificial SEIs on silicon electrodes. The design of an optimal SEI is a challenging task, given the coupled chemical and physical phenomena that must be considered, but the pV4D4 deposited in this study is a strong proof of concept, providing a foundation for future efforts.
MATERIALS AND METHODS

Material synthesis
Thin films (100 nm) of amorphous silicon were deposited onto batterygrade copper foil (99.8% purity; Oak-Mitsui) by radio frequency magnetron sputtering of a 2-inch Si target (undoped, 99.999% purity; Kurt J. Lesker Company) in a custom-built deposition chamber. Key deposition parameters were a forward power of 90 W, an argon gas flow rate of 20 scm 3 , an operating pressure of 20 mTorr, and a target-substrate distance of 7 cm.
After Si deposition, polymer thin films were then deposited onto the Si films via iCVD in a custom-built deposition system. The deposition system was similar in design to previously published examples (51) . The V4D4 monomer (>99%; Gelest Inc.) was introduced into the chamber using a bubbler. Nitrogen was sparged through the V4D4 at a flow rate of 5 scm 3 to generate near-saturated vapor. Di-tert-butyl peroxide (TBPO) initiator (98%; Sigma-Aldrich) was introduced at 1 scm 3 using a mass flow controller. All precursors were degassed before the deposition but otherwise were used as received. Chamber pressure was maintained at 3 torr using a downstream feedbackcontrolled throttling valve (model T3Bia, MKS Instruments). The substrate temperature was maintained at 50°C using a recirculating chiller (Polysciences). The filament was resistively heated at approximately 250°C to thermolyze the TBPO initiator using a dc power supply. Film thickness was monitored in real time using in situ laser interferometry on a silicon monitor wafer, and the deposition was terminated by turning off the filament after achieving the desired thickness.
Material characterization
The thickness and optical constants of the polymer coatings deposited on the Si monitor wafers were determined by measuring spectral reflectivity and fitting to an appropriate optical model (F20-UV, Filmetrics). The composition of the polymer coatings on the Si electrodes was characterized using FTIR spectroscopy (Tensor 27, Bruker) with an ATR accessory having a monolithic diamond crystal with a 45°incident angle (Specac Golden Gate). Measurements were collected from 600 to 4000 cm −1 with a resolution of 4 cm −1 . A total of 128 scans were integrated for an improved signal-to-noise ratio. The spectra were baseline-corrected in the Bruker OPUS software.
XPS was performed with a monochromatized Al Ka source operated at 15 kV and 10 mA (AXIS Ultra spectrometer, Kratos Analytical). Samples were loaded onto a sample holder using a double-sided copper tape. Survey scans were performed from 1200 to −5 eV with a 1-eV step. Survey scan pass energy was set at 160 eV. Spectra binding energies were calibrated to the aliphatic C 1s peak position at 284.8 eV. Ten scans were integrated for high-resolution spectra for C 1s, O 1s, Li 1s, and Si 2p with a pass energy of 20 eV. CasaXPS software was used to analyze and deconvolute peaks using a Gaussian-Lorentzian mix with a baseline modeled using the Shirley method. Uncoated and pV4D4-coated silicon thin film electrodes were imaged using a Zeiss Auriga scanning electron microscope with variable pressure operated between 10 and 15 kV.
Silicon electrodes were cycled against lithium metal in a coin cell format, assembled in an Ar-filled glovebox. Before battery assembly, the silicon electrodes were dried at 100°C in nitrogen gas. Aromatic polyamide (aramid) fiber-based separators (Gold 40, Dreamweaver) were used. These separators were infiltrated with 100 ml of 1.0 M LiPF 6 in 1:1:1 EC:EMC:DMC electrolyte (Gotion). The cells were cycled galvanostatically from 0.05 to 1.5 V using a battery cycler (BT-2043, Arbin Instruments). The first two cycles were performed at a C/10 rate to establish the SEI, and the rate was then increased to 1C for long-term cycling. Cell temperature was maintained at 25°C.
Potentiostatic EIS was performed using a three-electrode split cell configuration (EQ-3ESTC15, MTI Corporation) to isolate behaviors on the silicon electrode. The silicon electrode (diameter, 7/16″) was the WE. Lithium metal (diameter, 9/16″) was the CE. A small piece of foil (~1.5 mm by 1.5 mm) at the end of a copper foil strip (~1 mm by 12 mm) served as the RE. The three electrodes were separated by two separators (diameter, 3/4″; Gold 40, Dreamweaver). Electrolyte used was 200 ml of 1.0 M LiPF 6 in 1:1:1 EC:EMC:DMC (Gotion). For impedance as a function of cycling, cells were cycled from 0.05 to 1.5 V at 1C (SP-200, Bio-Logic Science Instruments). Before each impedance measurement every five cycles, the silicon electrode was lithiated to 0.05 V and potentiostatically held for 2 hours to achieve equilibrium. Impedance spectroscopy was performed with a frequency sweep from 3 to 25 mHz with an amplitude of 10 mV.
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